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Abstract: The effects of sodium nitroprusside (SNP) on micropropagation of CAB-6P and Gisela 6 cherry rootstocks were investigated.
Shoot multiplication of CAB-6P was reduced by adding 4.4 µM 6-benzylaminopurine (BA) and SNP. Gisela 6 microcuttings treated with
BA + 30 µM SNP gave the highest average shoot number (4.15) and multiplication percentage (100%). In CAB-6P, α-naphthaleneacetic
acid (NAA) + 30 µM SNP led to the maximum root number (13.79) and fresh weight (0.336 g); average root length (82 mm) and rooting
percentage (95.45%) were greatest after adding 40 and 10 µM SNP + NAA, respectively. In Gisela 6, NAA + 40 µM SNP resulted in the
highest root number (9.75) and fresh weight (0.238 g), while NAA + 30 µM SNP enabled maximum root length (30.77 mm). Rooting
percentage was greatest (84.62%) when Gisela 6 microcuttings were treated only with NAA. Application of SNP alone in CAB-6P
reduced leaf chlorophyll, carbohydrate, and prοline levels. In contrast, 30–50 µM SNP increased leaf chlorophyll levels of Gisela 6. SNP
augmented leaf carbohydrate and proline content, but it diminished root carbohydrate content. In BA + SNP or NAA + SNP treatments,
changes in biochemical constituents were dependent on SNP concentrations and genotypes.
Key words: Auxin, carbohydrate level, chlorophyll content, cytokinin, endogenous proline concentration, nitric oxide, plant tissue
culture, rhizogenesis, shoot proliferation

1. Introduction
Sodium nitroprusside (SNP) releases nitric oxide (NO), a
highly reactive gas and ubiquitous bioactive molecule that
plays a central role in signal transduction in plant stress
response (Arasimowicz and Wieczorek, 2007). The effects of
NO on different types of cells indicate that NO is a potent
oxidant or an effective antioxidant (Qiao and Fan, 2008). SNP
releases NO in a pH-dependent manner that promotes plant
growth and development and retards senescence (Kolberz
et al., 2008). The accumulation of NO in roots mediates
auxin-induced lateral root formation (Correa-Aragunde et
al., 2006) and adventitious root growth (Tewari et al., 2008).
NO produced by SNP has recently been considered a new
member of the phytohormones (Leterrier et al., 2012) and
may scavenge other reactive intermediaries like reactive
oxygen species (ROS) (Laspina et al., 2005).
Cytokinins promote cell division, leaf expansion,
and chlorophyll accumulation and are involved in
plant responses to adverse environmental conditions
(Brault and Maldiney, 1999). The role of BA in delaying
chlorophyll degradation is well documented (Han, 1997).
NO synthesis was induced by cytokinins in tobacco,
parsley, and Arabidopsis cell cultures (Tun et al., 2001).
* Correspondence: vsarrop@gmail.com

NO/auxin interaction during adventitious root formation
was illustrated in studies conducted by Lamattina and
colleagues (Pagnussat et al., 2003). Huang and She (2003)
found that SNP induced adventitious root formation
in mung bean hypocotyl cuttings. Correa-Aragunde et
al. (2004) demonstrated that NO and its precursor SNP
played a key role in determining lateral root development
in tomato. In addition, NO and SNP promoted root
elongation in maize (Gouvêa et al., 1997).
In our previous experiments we found that, after 7 weeks
of culture, shoot multiplication and rooting capability of
CAB-6P and Gisela 6 was high after treatment with BA
(2.2, 4.4, 8.8 µM) for shoot proliferation or NAA (2.68,
5.35, 10.7 µM) for root formation (data not shown). In this
study, SNP was applied alone and in combination with BA
or NAA in an attempt to shorten the shoot proliferation
and rooting micropropagation stages, respectively,
compared to the individual effect of BA, NAA, or SNP as
well as to verify whether SNP exhibits cytokinin- and/or
auxin-like activity. Thus, the aim of this study was to find
out whether the effect of SNP combined with either BA or
NAA gives better shoot proliferation and rooting results,
respectively, in less time than BA or NAA without SNP.
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The rootstocks of Gisela 5 cherry dwarf and Gisela 6 (P.
cerasus × P. canescens) have average or slower growth and
are outstanding prospects for the development of modern
intensive orchards. For that reason the elaboration of
methods for their mass propagation in vitro is important
(Nacheva and Gercheva, 2009). Gisela 6 rootstock is one
of the sweet cherry rootstocks that will become important
in the fruit industry in the near future (Aka-Kacar et
al., 2010). Large-scale Gisela 6 rootstock production by
conventional methods like cutting and layering to meet
the growing internal demand for high quality, disease-free,
and uniform planting material seems difficult (Aka-Kacar
et al., 2010). The scale and speed of production of healthy
plants can be enhanced by micropropagation techniques
(Aka-Kacar et al., 2010). In view of the horticultural
significance of the cherry rootstocks CAB-6P (P. cerasus
L.) and Gisela 6, this study was conducted to elucidate
the effects of SNP on shoot proliferation, rooting, and
biochemical constituents in these two genotypes.
2. Materials and methods
2.1. Plant material and culture conditions
Shoot tips (1–1.5 cm long) from soft wood cuttings were
cut in spring from the mother plants. The mother plants
were maintained in an unheated greenhouse in pots
containing peat:perlite (1:1). Then the shoot tips were
surface-sterilized with 10% commercial bleach (4.6% w/v
sodium hypo-chloride) for 10 min followed by 3 sequential
4-min rinses with sterile distilled water. The shoot tips
were then placed in solid MS culture medium (Murashige
and Skoog, 1962) supplemented with 4.4 µM BA, 0.05 µM
indole-3-butyric acid (IBA), and 0.03 µM gibberellic acid
(GA3) for proliferation so that a sufficient number of in
vitro mother stock shoots were obtained for experiments.
After 3 months of proliferation, multiplied shoot tips were
transferred onto solid plant growth regulator (PGR)-free
MS medium for elongation. After 2 months of development
in hormone-free MS medium, shoot tips (1.5–2.5 cm long)
were used as explants for the experiments. These explants
were grown in glass flat-bottom test tubes (25 × 100 mm)
each containing 10 mL of MS medium [30 g/L sucrose and
6 g/L agar (Bacto-agar)]. The pH of the culture medium
was adjusted to 5.8 prior to being autoclaved at 121 °C for
20 min. One explant was aseptically transferred to every
test tube. The tubes were then covered with aluminum foil.
All the cultures were incubated in a growth room under
controlled environmental conditions, i.e. light intensity of
150 µmol m–2 s–1 provided by cool white fluorescent lamps
(36 W; Philips, Eindhoven, the Netherlands), and 16-h
photoperiod at 22 ± 1 °C.
2.2. Shoot proliferation
In preliminary experiments, BA (2.2, 4.4, 8.8 µM) was
applied to both CAB-6P and Gisela 6 cherry rootstocks,
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and the 4.4 µM BA concentration gave better shoot
proliferation results (data not shown). In this study, shoot
tips (1.5–2.5 cm) were transferred to the multiplication MS
medium containing 4.4 µM 6-benzylaminopurine (BA)
and six SNP concentrations (0, 10, 20, 30, 40, 50 µM). After
6 weeks of culture, the number of shoots per explant, shoot
length, and fresh weight as well as shoot multiplication
percentage (%) (percentage explant capability to proliferate
and produce multiple shoots) were recorded.
2.3. Adventitious root formation
Shoot tips 1.5–2.5 cm long were transferred to the
full-strength MS medium supplemented with six SNP
concentrations (0, 10, 20, 30, 40, 50 µM) alone or combined
with 10.7 µM α-NAA. After 6 weeks of culture, rooting
percentage (percentage of shoots that produce roots), root
number per rooted explant, root length and fresh weight,
shoot length and fresh weight of the initial explant (shoot
tip without roots), and callus fresh weight and formation
percentage were all determined.
2.4. Chlorophyll content determination
For chlorophyll extraction, 0.1 g of frozen leaves were cut
into smaller pieces with a blade and placed in glass test
tubes (25 mL) containing 15 mL of 96% (v/v) ethanol. The
samples were incubated in a water bath at 79.8 °C for 4
h until their complete discoloration. The absorbance of
chlorophyll a and b was measured at 665 and 649 nm,
respectively. Total chlorophyll content was determined
according to Wintermans and De Mots (1965) from the
following equations:
Chl (a + b) = (6.10 × A665 + 20.04 × A649) × 15/1000/
FW (mg/g FW),
Chl (a + b) = (6.10 × A665 + 20.04 × A649) × 15/1000/
DW (mg/g DW).
2.5. Proline determination
Leaf or root frozen tissue (0.1 g) was cut with a blade into
smaller pieces for better extraction and placed in 25-mL
glass test tubes. In each tube, 15 mL of 80% (v/v) ethanol
was added, and the tubes were placed in a 60 °C water bath
for 30 min (Khan et al., 2000). The tubes were covered with
aluminum foil to reduce evaporation. After extraction, the
aluminum foil was removed and the tubes were allowed to
cool at room temperature. To each tube, 4 mL of toluene
was added and mixed with a vortex. Two layers were
visible in each tube. The supernatant (toluene layer) was
removed with a Pasteur pipette and was placed in a glass
cuvette. The optical density of the extract was measured at
518 nm. The extract was filtered with Whatman no. 1 filter
paper, and free proline was measured (Troll and Lindsley,
1955) with acid ninhydrin solution. Proline concentrations
were calculated from a standard curve by using L-proline
(Sigma-Aldrich, St Louis, Missouri, USA) at 0–0.2 mM
concentrations.
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2.6. Carbohydrate determination
Carbohydrate determination was conducted by using
the anthrone method (Plummer, 1987). For reagent
preparation, 1 g of anthrone was diluted with 500 mL of
96% concentrated sulfuric acid. Leaf or root frozen tissue
(0.1 g) was cut with the blade of a scalpel into smaller
pieces for better extraction and placed in 25-mL glass
test tubes. To each tube, 15 mL of 80% (v/v) ethanol was
added, and the tubes were placed in a water bath of 60 °C
for 30 min (Khan et al., 2000). The tubes were covered with
aluminum foil to prevent evaporation. After extraction, the
aluminum foil was removed and the tubes were allowed
to cool at room temperature. Into each test tube, 2 mL of
anthrone reagent was added, and tubes were maintained
on ice. The diluted plant ethanolic extract (10% of the
initial) was then added dropwise in contact with the test
tube walls to avoid blackening the samples. After the tubes
were shaken with a vortex, the samples were incubated in
a 95 °C water bath for 15 min. Afterwards the tubes were
placed in a cold water bath for cooling and optical density
was measured at 625 nm. Carbohydrate concentrations
were calculated from a standard curve by using 0–0.2 mM
sucrose concentrations.
2.7. Statistical analysis
The experimental layout was completely randomized and
the data were analyzed by ANOVA (SPSS 17.0, Chicago,

IL, USA), followed by Duncan’s multiple range test at
P ≤ 0.05 for mean comparison. The experiments were
repeated twice and each repetition consisted of six SNP
concentrations. The value of each measured parameter
represents the mean of 13 replicates ± standard error
of mean (±SEM) in both cherry rootstocks when SNP
was applied in combination with BA. The value of each
measured parameter represents the mean of 20 replicates
for CAB-6P or 13 replicates for Gisela 6 when SNP was
applied alone and in combination with NAA.
3. Results
3.1. Effect of SNP and BA on in vitro shoot multiplication
of CAB-6P and Gisela 6
For CAB-6P, shoot number (4.77), fresh weight (0.386
g), and multiplication percentage (100%) were greatest
in the control treatment 4.4 µM BA + 0 µM SNP (Figure
1a). BA + SNP (10–50 µM) exerted an inhibitory effect, as
shoot number was reduced by half compared to BA alone
(Figures 1b and 1c). SNP had also an inhibitory effect on
explant capacity to induce multiple shoots. Shoot length
was not changed significantly due to SNP application.
For Gisela 6, maximum shoot number (4.15 and 4.23)
was obtained on the medium containing 4.4 µM BA in
combination with 30 or 40 µM SNP, respectively (Figure
1d). In contrast, the length and fresh weight of shoots did

Figure 1. In vitro shoot proliferation. CAB-6P: (a) 4.4 µM BA + 0 µM SNP, (b, c) decrement in shoot number in all BA
+ SNP treatments compared to BA alone. Gisela 6: (d)4.4 µM BA, (e) 4.4 µM BA + 10 µM SNP, (f) 4.4 µM BA + 50 µM
SNP.
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not change significantly by adding SNP + BA to the culture
medium. Shoot multiplication percentage was highest
(100%) in the treatments 10, 30, 50 µM SNP + 4.4 µM BA
(Table 1; Figures 1e and 1f).
3.2. Effect of SNP and ΝΑΑ on in vitro rooting of CAB6P and Gisela 6
In CAB-6P, maximum rooting percentage (95.45%)
was obtained with the combination NAA + 10 µM SNP
(Figure 2a). Root length was longest (82 mm) when
CAB-6P explants were treated with 40 µM SNP + NAA
(Figure 2b). Root number (13.79) and root fresh weight
(0.336 g) were highest in the treatment 30 µM SNP +
NAA (Figure 2c). The combined effect of NAA and SNP
gave significantly better rooting results in terms of root
number, fresh weight, and rooting percentage (Figures
2d–2f). SNP alone, on the other hand, promoted root
elongation to a greater extent than in combination with
NAA (Table 2). In Gisela 6, maximum rooting percentage
(84.62%) was obtained with 0 µM SNP + 10.7 µM ΝΑΑ
(Figure 3a). Root number (9.75) and fresh weight (0.238
g) were highest in the 40 µM SNP + NAA treatment

(Figure 3b). Root length was greatest (30.77 mm) when
Gisela 6 explants were treated with 30 µM SNP + NAA
(Figure 3c). SNP + NAA enhanced root fresh weight to
a greater extent than SNP alone (Table 3). In both CAB6P and Gisela 6 cherry rootstocks, the roots formed did
not originate directly from the base of the explants but
through callus. The short roots were thin, yellow, and soft
in texture; whereas the long roots were thick, white, and
hard.
3.3. Effect of SNP and ΝΑΑ on in vitro vegetative growth
and callusing of CAB-6P and Gisela 6
In CAB-6P, shoot length (21.25 mm) and shoot fresh
weight (0.150 g) were greater in the absence of both SNP
and NAA from the culture medium. SNP (10–50 µM)
without NAA led to a significant decrease in shoot length.
No callus formation was observed at the base of CAB-6P
shoot tips treated only with SNP. Regardless of SNP (0–50
µM), in the presence of NAA all explants produced calli.
Callus fresh weight decreased significantly (0.204 g) in the
combined effect of 50 µM SNP + NAA compared to NAA
alone (0.346 g) (Table 4).

Table 1. Effect of SNP in combination with 4.4 µM BA on shoot multiplication of CAB-6P and Gisela 6.
Treatments

Shoot number/
explant

Shoot length
(mm)

Fresh weight
of shoots (g)

Shoot multiplication
percentage (%)

CAB-6P
4.4 µM BA + 0 µM SNP

4.77 ± 0.47 b

13.19 ± 1.56 a

0.386 ± 0.050 b

100 d

4.4 µM BA + 10 µM SNP

2.69 ± 0.33 a

12.53 ± 1.13 a

0.178 ± 0.024 a

84.62 a

4.4 µM BA + 20 µM SNP

2.69 ± 0.35 a

12.56 ± 1.32 a

0.168 ± 0.038 a

92.31 c

4.4 µM BA + 30 µM SNP

2.92 ± 0.42 a

13.94 ± 1.30 a

0.202 ± 0.038 a

92.31 c

4.4 µM BA + 40 µM SNP

2.85 ± 0.37 a

14.62 ± 2.22 a

0.257 ± 0.053 a

92.31 c

4.4 µM BA + 50 µM SNP

2.27 ± 0.20 a

10.39 ± 0.82 a

0.145 ± 0.022 a

90.91 b

P-value

0.000 ***

0.42 ns

0.000 ***

0.000 ***

Gisela 6
4.4 µM BA + 0 µM SNP

3.54 ± 0.50 ab

18.27 ± 0.58 a

0.286 ± 0.047 a

92.31 b

4.4 µM BA + 10 µM SNP

3.08 ± 0.40 a

17.78 ± 1.00 a

0.267 ± 0.038 a

100c

4.4 µM BA + 20 µM SNP

3.67 ± 0.52 ab

16.40 ± 0.79 a

0.240 ± 0.036 a

83.33 a

4.4 µM BA + 30 µM SNP

4.15 ± 0.56 b

17.66 ± 1.01 a

0.253 ± 0.036 a

100 c

4.4 µM BA + 40 µM SNP

4.23 ± 0.57 b

16.96 ± 1.16 a

0.253 ± 0.030 a

92.31 b

4.4 µM BA + 50 µM SNP

2.77 ± 0.28 a

17.67 ± 0.91 a

0.198 ± 0.019 a

100 c

P-value

0.022*

0.76 ns

0.61 ns

0.00 ***

All data are presented as means ± SEM (n = 13). Mean values for each parameter and for each rootstock followed by the same small
letter are not significantly different according to Duncan’s multiple range test at P ≤ 0.05; ns - nonsignificant difference at P ≥ 0.05; (*) significant effects at P ≤ 0.05; (***) - significant effects at P ≤ 0.001.
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Figure 2. In vitro rooting of CAB-6P explants. (a) Highest rooting percentage in the control plants (0 µM SNP), (b)
maximum root length with 40 µM SNP, (c) maximum root number with 30 µM SNP in relation to the SNP untreated
plants, (d) 10.7 µM α-NAA + 0 µM SNP, (e) maximum root number and root length with 10.7 µM NAA + 30 µM SNP,
(f) greatest rooting percentage with 10.7 µM NAA + 10 µM SNP.

In Gisela 6, maximum shoot length (22.31 mm) was
obtained in the 50 µM SNP + NAA treatment. No callus
formation was observed at the base of Gisela 6 shoot tips
treated only with SNP. On the other hand, callus formation
percentage was highest (46.15%) in the 30 µM SNP + NAA
treatment. Shoot (0.226 g) and callus fresh weights (0.107
g) were greatest in the absence of both SNP and NAA
(Table 5).
In both CAB-6P and Gisela 6 cherry rootstocks, the
calli formed at the base of the explants were pale yellowbrown, externally compact, and internally friable. SNP
(10–50 µM) caused yellowing and abscission, mainly of
the large leaves of the apex, while the other leaves retained
their bright green color and vigor. This phenomenon was
observed to a lesser extent at the lowest SNP concentration

(10 µM). This symptom was more intense when SNP was
combined with BA and was rarely observed in SNP + NAA
combinations.
3.4. Effect of SNP on biochemical parameters in CAB-6P
and Gisela 6
In CAB-6P, total leaf chlorophyll content was highest (3.268
mg/g FW or 28.949 mg/g DW) with 0 µM SNP. SNP (10–50
µM) had a negative effect on chlorophyll content (DW). In
Gisela 6, SNP (10–50 µM) did not modify leaf chlorophyll
content (FW) significantly. In contrast, 30–50 µM SNP had
a positive effect on chlorophyll content (DW) (Table 6). In
CAB-6P, SNP (10–50 µM) led to reduced leaf carbohydrate
levels. SNP at 30 µM increased leaf proline content (7.735
µmol/g FW), whereas higher SNP concentrations (40 or 50
µM) lowered leaf carbohydrate levels. In roots, SNP hardly
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Table 2. Effect of SNP alone, or in combination with 10.7 µM α-ΝΑΑ, on in vitro rooting of CAB-6P.

Treatments

Root number/rooted
explant

Root length
(mm)

Root fresh weight
(g)

Rooting percentage
(%)

0 µM SNP + 0 µM ΝΑΑ

1.75 ± 0.13 b

23.92 ± 1.20 c

0.012 ± 0.002 b

15 d

10 µM SNP + 0 µM ΝΑΑ

3.00 ± 0.65 bc

40.00 ± 2.00 d

0.020 ± 0.001 b

10 c

20 µM SNP + 0 µM ΝΑΑ

0.00 ± 0.00 a

0.00 ± 0.00 a

0.000 ± 0.000 a

0a

30 µM SNP + 0 µM ΝΑΑ

5.00 ± 1.00 c

20.00 ± 1.00 bc

0.025 ± 0.004 b

5.26 b

40 µM SNP + 0 µM ΝΑΑ

1.00 ± 0.10 b

82.00 ± 4.10 e

0.043 ± 0.006 b

5b

50 µM SNP + 0 µM ΝΑΑ

4.00 ± 0.80 c

45.00 ± 4.25 d

0.024 ± 0.003 b

5b

0 µM SNP + 10.7 µM ΝΑΑ

10.53 ± 1.77 fg

16.29 ± 2.36 b

0.244 ± 0.048 cd

90.48 g

10 µM SNP + 10.7 µM ΝΑΑ

8.19 ± 1.41 e

19.41 ± 3.52 bc

0.179 ± 0.034 c

95.45 h

20 µM SNP + 10.7 µM ΝΑΑ

10.28 ± 1.44 f

17.94 ± 2.52 b

0.189 ± 0.034 c

85.71 f

30 µM SNP + 10.7 µM ΝΑΑ

13.79 ± 1.51 g

25.04 ± 2.05 c

0.336 ± 0.043 e

63.64 e

40 µM SNP + 10.7 µM ΝΑΑ

12.33 ± 1.80 fg

21.75 ± 2.13 bc

0.311 ± 0.045 de

85.71 f

50 µM SNP + 10.7 µM ΝΑΑ

7.32 ± 0.87 de

21.29 ± 2.94 bc

0.196 ± 0.028 c

90.48 g

SNP concentration (A)

0.002**

0.000***

0.005**

0.000***

NAA concentration (B)

0.000***

0.000***

0.000***

0.000***

A*B

0.002**

0.000***

0.071 ns

0.000***

P-values (2-way ANOVA)

All data are presented as means ± SEM (n = 20). Mean values for each parameter followed by the same small letter are not significantly
different according to Duncan’s multiple range test at P ≤ 0.05; ns - nonsignificant difference at P ≥ 0.05; (**) - significant effects at P ≤
0.01; (***) - significant effects at P ≤ 0.001.

Figure 3. In vitro rooting of Gisela 6 explants. (a) 10.7 µM α-NAA + 0 µM SNP, (b) highest root number obtained with
10.7 µM α-NAA + 40 µM SNP, (c) greatest root length recorded with 10.7 µM α-NAA + 30 µM SNP.

600

SARROPOULOU et al. / Turk J Biol
Table 3. Effect of SNP alone, or in combination with 10.7 µM α-ΝΑΑ, on in vitro rooting of Gisela 6.
Treatments

Root number/rooted
explant

Root length
(mm)

Root fresh weight
(g)

Rooting percentage
(%)

0 µM SNP + 0 µM ΝΑΑ

2.00 ± 0.10 a

21.25 ± 0.20 abcd

0.048 ± 0.003 b

6.67 a

10 µM SNP + 0 µM ΝΑΑ

3.67 ± 0.39 abc

22.01 ± 1.81 abcd

0.013 ± 0.001 a

46.15 d

20 µM SNP + 0 µM ΝΑΑ

2.75 ± 0.24 a

19.42 ± 1.24 ab

0.012 ± 0.001 a

36.36 c

30 µM SNP + 0 µM ΝΑΑ

9.00 ± 0.34 fg

25.14 ± 0.32 abcd

0.035 ± 0.002 ab

15.38 b

40 µM SNP + 0 µM ΝΑΑ

3.40 ± 0.53 ab

20.45 ± 2.08 abc

0.012 ± 0.002 a

76.92 h

50 µM SNP + 0 µM ΝΑΑ

2.83 ± 0.47 a

17.32 ± 0.74 a

0.009 ± 0.001 a

50.00 e

0 µM SNP + 10.7 µM ΝΑΑ

7.27 ± 1.34 ef

21.53 ± 3.76 abcd

0.140 ± 0.044 c

84.62 i

10 µM SNP + 10.7 µM ΝΑΑ

5.38 ± 0.66 cd

29.73 ± 5.34 cd

0.126 ± 0.031 c

61.54 f

20 µM SNP + 10.7 µM ΝΑΑ

5.10 ± 0.66 bcd

22.40 ± 3.25 abcd

0.133 ± 0.019 c

76.92 h

30 µM SNP + 10.7 µM ΝΑΑ

6.33 ± 0.78 de

30.77 ± 5.21 d

0.186 ± 0.042 cd

69.23 g

40 µM SNP + 10.7 µM ΝΑΑ

9.75 ± 0.74 g

26.11 ± 2.06 abcd

0.238 ± 0.023 d

61.54 f

50 µM SNP + 10.7 µM ΝΑΑ

7.33 ± 0.39 ef

28.86 ± 4.16 bcd

0.170 ± 0.029 cd

46.15 d

SNP concentration (A)

0.000***

0.173 ns

0.122 ns

0.000***

NAA concentration (B)

0.000***

0.002**

0.000***

0.000***

A*B

0.000***

0.548 ns

0.065 ns

0.000***

P-values (2-way ANOVA)

All data are presented as means ± SEM (n = 13). Mean values for each parameter followed by the same small letter are not significantly
different according to Duncan’s multiple range test at P ≤ 0.05; ns - nonsignificant difference at P ≥ 0.05; (**) - significant effects at P ≤
0.01; (***) - significant effects at P ≤ 0.001.
Table 4. Effect of SNP alone, or in combination with 10.7 µM α-ΝΑΑ, on in vitro vegetative growth and callusing of CAB-6P.
Treatments

Shoot length
(mm)

Shoot fresh
weight (g)

Callus fresh
weight (g)

Callus formation
percentage (%)

0 µM SNP + 0 µM ΝΑΑ

21.25 ± 0.48 d

0.150 ± 0.005 b

-

0

10 µM SNP + 0 µM ΝΑΑ

15.55 ± 1.16 abc

0.133 ± 0.019 ab

-

0

20 µM SNP + 0 µM ΝΑΑ

12.89 ± 1.32 a

0.133 ± 0.020 ab

-

0

30 µM SNP + 0 µM ΝΑΑ

13.42 ± 1.21 ab

0.115 ± 0.015 ab

-

0

40 µM SNP + 0 µM ΝΑΑ

12.50 ± 0.77 a

0.125 ± 0.019 ab

-

0

50 µM SNP + 0 µM ΝΑΑ

15.50 ± 1.08 abc

0.119 ± 0.016 ab

-

0

0 µM SNP + 10.7 µM ΝΑΑ

18.81 ± 1.39 cd

0.115 ± 0.011 ab

0.346 ± 0.027 b

100

10 µM SNP + 10.7µM ΝΑΑ

17.27 ± 1.35 bcd

0.114 ± 0.016 ab

0.330 ± 0.036 b

100

20 µM SNP + 10.7 µM ΝΑΑ

15.95 ± 1.34 abc

0.091 ± 0.011 a

0.355 ± 0.029 b

100

30 µM SNP + 10.7 µM ΝΑΑ

18.18 ± 1.56 cd

0.117 ± 0.011 ab

0.334 ± 0.037 b

100

40 µM SNP + 10.7 µM ΝΑΑ

18.33 ± 1.25 cd

0.118 ± 0.013 ab

0.313 ± 0.041 b

100

50 µM SNP + 10.7 µM ΝΑΑ

19.05 ± 1.70 cd

0.111 ± 0.009 ab

0.204 ± 0.021 a

100

SNP concentration (A)

0.000***

0.736 ns

0.024*

0.000***

NAA concentration (B)

0.000***

0.028*

0.000***

0.000***

A*B

0.027*

0.603 ns

0.024*

0.000***

P-values (2-way ANOVA)

All data are presented as means ± SEM (n = 20). Mean values for each parameter followed by the same small letter are not significantly
different according to Duncan’s multiple range test at P ≤ 0.05; ns - nonsignificant difference at P ≥ 0.05; (*) - significant effects at
P ≤ 0.05; (***) - significant effects at P ≤ 0.001.
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Table 5. Effect of SNP, alone or in combination with 10.7 µM α-ΝΑΑ, on in vitro vegetative growth and callusing of Gisela 6.
Treatments

Shoot length
(mm)

Shoot fresh
weight (g)

Callus fresh
weight (g)

Callus formation
percentage (%)

0 µM SNP + 0 µM ΝΑΑ

15.00 ± 0.57 ab

0.226 ± 0.011 b

-

0a

10 µM SNP + 0 µM ΝΑΑ

13.08 ± 1.21 a

0.095 ± 0.009 a

-

0a

20 µM SNP + 0 µM ΝΑΑ

14.73 ± 1.62 ab

0.117 ± 0.011 a

-

0a

30 µM SNP + 0 µM ΝΑΑ

16.15 ± 1.62 ab

0.108 ± 0.012 a

-

0a

40 µM SNP + 0 µM ΝΑΑ

15.92 ± 1.44 ab

0.098 ± 0.007 a

-

0a

50 µM SNP + 0 µM ΝΑΑ

15.83 ± 1.37 ab

0.107 ± 0.007 a

-

0a

0 µM SNP + 10.7 µM ΝΑΑ

16.92 ± 2.30 abc

0.124 ± 0.018 a

0.107 ± 0.018 d

38.46 e

10 µM SNP + 10.7µM ΝΑΑ

16.92 ± 1.21 abc

0.103 ± 0.006 a

0.069 ± 0.003 c

23.08 c

20 µM SNP + 10.7 µM ΝΑΑ

18.08 ± 2.97 abc

0.117 ± 0.010 a

0.100 ± 0.006 d

30.77 d

30 µM SNP + 10.7 µM ΝΑΑ

20.38 ± 2.08 bc

0.112 ± 0.015 a

0.047 ± 0.006 b

46.15 f

40 µM SNP + 10.7 µM ΝΑΑ

15.77 ± 1.37 ab

0.113 ± 0.009 a

0.028 ± 0.002 a

30.77 d

50 µM SNP + 10.7 µM ΝΑΑ

22.31 ± 2.87 c

0.121 ± 0.012 a

0.041 ± 0.005 ab

15.38 b

SNP concentration (A)

0.212 ns

0.000***

0.000***

0.000***

NAA concentration (B)

0.003**

0.119 ns

0.000***

0.000***

A*B

0.598 ns

0.000***

0.000***

0.000***

P-values (2-way ANOVA)

All data are presented as means ± SEM (n = 13). Mean values for each parameter followed by the same small letter are not significantly
different according to Duncan’s multiple range test at P ≤ 0.05; ns - nonsignificant difference at P ≥ 0.05; (**) - significant effects at P ≤
0.01; (***) - significant effects at P ≤ 0.001.
Table 6. Effect of SNP on total leaf chlorophyll (a + b) content of CAB-6P and Gisela 6.
Treatments

Chl(a + b) mg/g FW

Chl(a + b) mg/g DW

CAB-6P
0 µM SNP

3.268 ± 0.308 c

28.949 ± 2.651 b

10 µM SNP

2.586 ± 0.179 abc

14.364 ± 1.692 a

20 µM SNP

3.032 ± 0.226 bc

17.689 ± 1.897 a

30 µM SNP

2.225 ± 0.226 a

13.906 ± 1.415 a

40 µM SNP

2.632 ± 0.179 abc

16.450 ± 1.118 a

50 µM SNP

2.481 ± 0.179 ab

19.086 ± 1.376 a

P-value

0.06 ns

0.00 ***

Gisela 6
0 µM SNP

3.412 ± 0.412 a

20.985 ± 1.781 a

10 µM SNP

3.205 ± 0.209 a

18.850 ± 1.332 a

20 µM SNP

3.001 ± 0.720 a

23.082 ± 1.741 a

30 µM SNP

3.714 ± 0.736 a

30.953 ± 1.886 b

40 µM SNP

3.783 ± 0.764 a

31.526 ± 1.886 b

50 µM SNP

3.239 ± 0.598 a

32.388 ± 2.264 b

P-value

0.32 ns

0.00 ***

All data are presented as means ± SEM (n = 20 for CAB-6P; n = 13 for Gisela 6). Mean values
for each parameter and for each rootstock followed by the same small letter are not significantly
different according to Duncan’s multiple range test at P ≤ 0.05; ns - nonsignificant difference at
P ≥ 0.05; (***) - significant effects at P ≤ 0.001.
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affected total carbohydrate content. Root proline content
was diminished due to SNP (10–50 µM) application. In
Gisela 6, SNP (10–50 µM) increased total carbohydrate and
proline content in leaves, but it reduced total carbohydrate
content in roots. Furthermore, it did not alter root proline
content significantly compared to 0 µM SNP (Table 7).
3.5. Effect of SNP and BA on biochemical parameters in
CAB-6P and Gisela 6
In CAB-6P, 4.4 µM BA + 20 µM SNP increased leaf
chlorophyll content (5.128 mg/g FW). On the other hand,
BA + 10 µM SNP and BA + 50 µM SNP had negative
effects on chlorophyll content (14.519 and 16.177 mg/g
DW, respectively) in comparison to BA without SNP. Leaf
carbohydrate content increased and reached its maximum
value (42.582 µmol/g FW) when 4.4 µM BA along with
20 µM SNP were incorporated into the medium. The 4.4
µM BA + µM 10 SNP treatment led to a decline in proline
levels (1.096 µmol/g FW) in leaves, whereas higher SNP
concentrations (20–50 µM) + BA caused an increment
in the above-mentioned biochemical parameter. Its
maximum value was found (4.125 µmol/g FW) at BA +
30 µM SNP. In Gisela 6, the combinations of either 10

or 20 µM SNP + BA increased leaf chlorophyll content
(26.363 mg/g DW or 3.250 mg/g FW) compared to 0 µM
SNP + BA. High SNP concentrations (40 or 50 µM) + BA
led to elevated leaf carbohydrate levels (46.315 or 40.062
µmol/g FW). Additionally, the 50 µM SNP + BA treatment
resulted in increased leaf proline levels (3.282 µmol/g FW)
(Table 8). Data concerning the content of biochemicals in
roots are missing because no rooting occurred when SNP
was combined with BA.
3.6. Effect of SNP and NAA on biochemical parameters
in CAB-6P and Gisela 6
In CAB-6P, 10–50 µM SNP + NAA did not alter leaf
chlorophyll content (FW) significantly compared to 0 µM
SNP + NAA. However, the combination of either 10 or 40
µM SNP + NAA had a promoting effect (28.717 or 26.878
µmol/g FW) on chlorophyll content. In Gisela 6, SNP (20,
40, 50 µM) + NAA increased leaf chlorophyll content
(4.502, 4.201, 4.435 mg/g FW) compared to SNP (0 µM)
+ NAA (3.317 mg/g FW). On the other hand, 20 or 30 µM
SNP + NAA combinations had a positive effect (28.139 or
28.260 mg/g DW) on chlorophyll content in comparison
with 0 µM SNP + NAA (22.112 mg/g DW) (Table 9).

Table 7. Effect of SNP on total carbohydrate and proline content in both leaves and roots of CAB-6P and Gisela 6.

Treatments

Leaf carbohydrates
(µmol/g FW)

Leaf proline
(µmol/g FW)

Root carbohydrates
(µmol/g FW)

Root proline
(µmol/g FW)

CAB-6P
0 µM SNP

58.801 ± 4.418 c

3.645 ± 0.332 d

46.858 ± 1.620 bc

1.850 ± 0.345 c

10 µM SNP

43.240 ± 5.355 bc

1.223 ± 0.244 b

36.233 ± 8.262 ab

1.373 ± 0.376 b

20 µM SNP

39.898 ± 5.456 ab

7.735 ± 2.481 e

-

-

30 µM SNP

35.256 ± 5.164 ab

4.149 ± 0.235 c

33.739 ± 13.144 a

-

40 µM SNP

41.111 ± 5.901 b

0.139 ± 0.268 a

43.574 ± 8.032 b

0.829 ± 0.365 a

50 µM SNP

22.847 ± 5.561 a

-

49.522 ± 1.807 c

-

P-value

0.01 **

0.01 **

0.04*

0.02*

Gisela 6
0 µM SNP

30.186 ± 1.301 a

2.395 ± 0.108 a

119.996 ± 5.125 b

2.872 ± 0.615 ab

10 µM SNP

49.994 ± 1.687 b

4.187 ± 0.259 b

60.389 ± 8.050 a

2.852 ± 0.341 ab

20 µM SNP

56.846 ± 5.233 bc

4.516 ± 0.105 bc

73.700 ± 14.567 a

3.344 ± 0.062 b

30 µM SNP

57.447 ± 0.863 bc

5.188 ± 0.300 c

45.510 ± 6.650 a

2.892 ± 0.281 ab

40 µM SNP

61.580 ± 2.422 c

6.266 ± 0.277 d

51.066 ± 3.973 a

2.223 ± 0.168 a

50 µM SNP

48.898 ± 2.085 b

4.770 ± 0.221 bc

73.000 ± 9.868 a

3.496 ± 0.418 b

P-value

0.00 ***

0.00 ***

0.00 ***

0.06 ns

All data are presented as means ± SEM (n = 20 for CAB-6P; n = 13 for Gisela 6). Mean values for each parameter and for each rootstock
followed by the same small letter are not significantly different according to Duncan’s multiple range test at P ≤ 0.05; ns - nonsignificant
difference at P ≥ 0.05; (*) - significant effects at P ≤ 0.05; (**) - significant effects at P ≤ 0.01; (***) - significant effects at P ≤ 0.001.

603

SARROPOULOU et al. / Turk J Biol
Table 8. Effect of SNP, in combination with 4.4 µM BA, on biochemical parameters in CAB-6P and Gisela 6 leaves.
Leaf Chl(a + b)
(mg/g FW)

Treatments

Leaf Chl(a + b)
(mg/g DW)

Leaf carbohydrates
(µmol/g FW)

Leaf proline
(µmol/g FW)

CAB-6P
4.4 µM BA + 0 µM SNP

2.287 ± 0.179 ab

22.865 ± 1.788 c

29.961 ± 8.414 b

1.984 ± 0.223 b

4.4 µM BA + 10 µM SNP

1.887 ± 0.400 a

14.519 ± 1.741 a

9.927 ± 7.312 a

1.096 ± 0.147 a

4.4 µM BA + 20 µM SNP

5.128 ± 0.226 c

22.294 ± 0.984 c

42.582 ± 4.607 c

3.464 ± 0.413 d

4.4 µM BA + 30 µM SNP

2.855 ± 0.418 b

17.841 ± 1.415 abc

37.975 ± 4.207 bc

4.125 ± 0.125 e

4.4 µM BA + 40 µM SNP

1.896 ± 0.391 a

21.068 ± 2.516 bc

17.239 ± 7.458 a

2.622 ± 0.368 c

4.4 µM BA + 50 µM SNP

1.941 ± 0.346 a

16.177 ± 1.886 ab

38.375 ± 4.864 bc

2.758 ± 0.397 c

P-value

0.00 ***

0.03 *

0.00 ***

0.00 ***

33.580 ± 0.842 b

2.161 ± 0.052 bc

Gisela 6
4.4 µM BA + 0 µM SNP

1.991 ± 0.748 ab

18.102 ± 2.058 ab

4.4 µM BA + 10 µM SNP

1.845 ± 0.642 a

26.363 ± 3.234 c

17.861 ± 2.403 a

1.659 ± 0.110 a

4.4 µM BA + 20 µM SNP

3.250 ± 0.511 c

25.003 ± 1.742 bc

36.830 ± 0.567 bc

2.580 ± 0.033 c

4.4 µM BA + 30 µM SNP

2.739 ± 0.748 bc

17.116 ± 1.415 a

21.941 ± 1.835 a

1.734 ± 0.168 ab

4.4 µM BA + 40 µM SNP

2.487 ± 0.496 ab

24.874 ± 2.264 bc

46.315 ± 1.285 d

2.557 ± 0.136 c

4.4 µM BA + 50 µM SNP

2.683 ± 0.692 bc

20.636 ± 1.741 abc

40.062 ± 1.741 c

3.282 ± 0.285 d

P-value

0.01 **

0.04 *

0.00 ***

0.00 ***

All data are presented as means ± SEM (n = 13). Mean values for each parameter and for each rootstock followed by the same small
letter are not significantly different according to Duncan’s multiple range test at P ≤ 0.05; ns - nonsignificant difference at P ≥ 0.05; (*) significant effects at P ≤ 0.05; (**) - significant effects at P ≤ 0.01; (***) - significant effects at P ≤ 0.001.
Table 9. Effect of SNP, in combination with 10.7 µM a-NAA, on total leaf chlorophyll (a + b) content of
CAB-6P and Gisela 6.
Treatments

LeafChl (a + b)
(mg/g FW)

LeafChl (a + b)
(mg/g DW)

CAB-6P
10.7 µM NAA + 0 µM SNP

2.728 ± 0.398 a

17.053 ± 1.509 a

10.7 µM NAA + 10 µM SNP

2.585 ± 0.200 a

28.717 ± 1.332 b

10.7 µM NAA + 20 µM SNP

2.411 ± 0.317 a

18.544 ± 1.415 a

10.7 µM NAA + 30 µM SNP

2.620 ± 0.215 a

20.150 ± 1.617 a

10.7 µM NAA + 40 µM SNP

2.688 ± 0.277 a

26.878 ± 1.415 b

10.7 µM NAA + 50 µM SNP

2.557 ± 0.171 a

21.307 ± 1.332 a

P-value

0.91 ns

0.00 ***

Gisela 6
10.7 µM NAA + 0 µM SNP

3.317 ± 0.227 a

22.112 ± 1.415 a

10.7 µM NAA + 10 µM SNP

4.018 ± 0.179 ab

23.633 ± 1.987 ab

10.7 µM NAA + 20 µM SNP

4.502 ± 0.226 b

28.139 ± 1.741 b

10.7 µM NAA + 30 µM SNP

3.956 ± 0.179 ab

28.260 ± 1.376 b

10.7 µM NAA + 40 µM SNP

4.201 ± 0.226 b

26.255 ± 2.264 ab

10.7 µM NAA + 50 µM SNP

4.435 ± 0.203 b

26.090 ± 1.692 ab

P-value

0.03 *

0.06 ns

All data are presented as means ± SEM (n = 20 for CAB-6P; n = 13 for Gisela 6). Mean values for
each parameter and for each rootstock followed by the same small letter are not significantly different
according to Duncan’s multiple range test at P ≤ 0.05; ns - nonsignificant difference at P ≥ 0.05; (*) significant effects at P ≤ 0.05; (***) - significant effects at P ≤ 0.001.
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In CAB-6P, leaf carbohydrate content increased
significantly (75.822 or 70.981 µmol/g FW) when 30 or 50
µM SNP + 10.7 µM NAA was incorporated into the medium
compared to 10.7 µM NAA + 0 µM SNP (69.390 µmol/g
FW). In leaves, 30 µM SNP + NAA led to elevated proline
levels (7.560 µmol/g FW). In roots, total carbohydrate
content increased substantially with NAA + 10–50 µM
SNP. In addition, the endogenous proline content in roots
showed a 2–3-fold increase (1.164–1.392 µmol/g FW)
with SNP (10, 20, 30, 50 µM) + NAA in comparison with
0 µM SNP + NAA (0.572 µmol/g FW). In Gisela 6, SNP
(30–50 µM) + NAA led to depleted leaf carbohydrate levels
(62.745–76.945 µmol/g FW) in relation to SNP (0 µM) +
NAA (96.055 µmol/g FW). SNP (10–50 µM) + NAA hardly
affected proline content in leaves compared to SNP (0 µM)
+ NAA. In roots, SNP (20 µM) + NAA resulted in elevated
proline levels (3.543 µmol/g FW) compared to SNP (0 µM)
+ NAA (2.347 µmol/g FW). Carbohydrate content in roots
was substantially diminished due to SNP (10–50 µM) +
NAA application in comparison with SNP (0 µM) + NAA
(Table 10).

4. Discussion
Shoot proliferation, rooting, vegetative growth, callusing,
and biochemical constituent levels of CAB-6P and Gisela
6 microcuttings were not affected in the same way, and the
observed differences are dependent on SNP concentration,
genotype, and the combination of plant growth regulators
(SNP, BA, NAA).
In CAB-6P, the combined effect of SNP + BA
suppressed shoot proliferation in terms of shoot number,
fresh weight, and multiplication percentage. According to
a previous study in CAB-6P, SNP combined with 17.6 BA
µM and 2.68 µM NAA enhanced shoot production from
leaf callus in terms of shoot number (SNP: 10 µM), length,
and induction percentage (SNP: 30 µM) (Sarropoulou et
al., 2014). In the present study, shoot number and shoot
multiplication percentage in Gisela 6 were enhanced by
the combination of 30 µM SNP + BA. In another study
conducted in Gisela 6, SNP (10–50 µM) combined
with 17.6 BA µM and 2.68 µM NAA suppressed shoot
production in terms of number and length, whereas 40
µM SNP promoted leaf callus capacity to produce shoots

Table 10. Effect of SNP, in combination with 10.7 µM a-NAA, on total carbohydrate and proline content in both leaves and roots of
CAB-6P and Gisela 6.

Treatments

Leaf carbohydrates
(µmol/g FW)

Leaf proline
(µmol/g FW)

Root carbohydrates
(µmol/g FW)

Root proline
(µmol/g FW)

CAB-6P
10.7 µM NAA + 0 µM SNP

69.390 ± 4.376 c

5.008 ± 0.052 b

16.087 ± 0.061 a

0.572 ± 0.104 a

10.7 µM NAA + 10 µM SNP

59.161 ± 3.886 b

3.464 ± 0.531 ab

29.160 ± 0.859 bc

1.164 ± 0.065 b

10.7 µM NAA + 20 µM SNP

69.981 ± 16.091 c

4.313 ± 0.984 b

31.063 ± 3.120 bc

1.323 ± 0.194 b

10.7 µM NAA + 30 µM SNP

75.822 ± 0.061 d

7.560 ± 0.040 c

36.422 ± 1.135 c

1.551 ± 0.026 b

10.7 µM NAA + 40 µM SNP

48.521 ± 2.447 a

1.538 ± 0.428 a

22.348 ± 5.478 ab

0.435 ± 0.233 a

10.7 µM NAA + 50 µM SNP

70.981 ± 5.777 d

4.466 ± 1.657 b

35.520 ± 2.111 c

1.392 ± 0.040 b

P-value

0.00 ***

0.01 **

0.00 ***

0.00 ***

Gisela 6
10.7 µM NAA + 0 µM SNP

96.055 ± 3.570 cd

6.206 ± 0.162 ab

79.383 ± 4.698 c

2.347 ± 0.186 a

10.7 µM NAA + 10 µM SNP

91.746 ± 2.892 cd

5.922 ± 0.131 ab

54.621 ± 4.981 a

2.332 ± 0.210 a

10.7 µM NAA + 20 µM SNP

104.000 ± 4.449 d

6.879 ± 0.202 ab

74.685 ± 5.051 bc

3.543 ± 0.150 b

10.7 µM NAA + 30 µM SNP

62.745 ± 3.286 a

4.351 ± 1.494 a

59.602 ± 4.994 a

2.347 ± 0.132 a

10.7 µM NAA + 40 µM SNP

73.554 ± 3.249 ab

4.755 ± 0.148 a

69.634 ± 5.258 b

2.526 ± 0.239 a

10.7 µM NAA + 50 µM SNP

76.945 ± 2.892 ab

7.627 ± 1.315 b

68.221 ± 6.464 b

2.287 ± 0.254 a

P-value

0.02 *

0.12 *

0.00 ***

0.00 ***

All data are presented as means ± SEM (n = 20 for CAB-6P; n = 13 for Gisela 6). Mean values for each parameter and for each rootstock
followed by the same small letter are not significantly different according to Duncan’s multiple range test at P ≤ 0.05; (*) - significant
effects at P ≤ 0.05; (**) - significant effects at P ≤ 0.01; (***) - significant effects at P ≤ 0.001.
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(Sarropoulou et al., 2014). Our findings in the current
study for Gisela 6 are in accordance with those reported by
Han et al. (2009) but disagree in CAB-6P. Han et al. (2009)
found that the multiplication of Malus hupehensis Rehd.
var. pinyiensis Jiang plantlets was promoted significantly
by applying 20 µM SNP to MS medium containing 2.0
µM BA and 1.0 µM zeatin (ZT). Results similar to ours
in Gisela 6 were obtained in Albizzia lebbeck (Kalra and
Babbar, 2012), Linum usitatissimum L. (Kalra and Babbar,
2010), Dioscorea opposite Thunb (Xu et al., 2009), wheat
(Tian and Lei, 2007), Kosteletzkya virginica (Guo et al.,
2009), and Brassica napus plants (Jhanji et al., 2012).
In both CAB-6P and Gisela 6, the combined effect
of BA and SNP did not significantly differentiate shoot
length compared to the individual effect of BA. In
CAB-6P, SNP + NAA decreased shoot length. In cotton
(Shallan et al., 2012), wheat (Tian and Lei, 2006), and
Linum usitatissimum L. (Kalra and Babbar, 2010) plants,
SNP increased plant height, whereas in sunflower plants
(Heliantus annuus L. var. KF84) (Nejadalimoradi et al.,
2014) it had the opposite result. NO (precursor of SNP)
has been reported to influence several plant developmental
events in which gibberellins (GAs) play crucial roles such
as seed germination, hypocotyl elongation, acquisition
of photomorphogenic traits, and primary root growth
(Beligni and Lamattina, 2000). However, the actual
interaction between NO and GAs has been described for
only a limited number of these physiological events. In
fact, most of our current knowledge of the mechanisms
underlying the interplay between GAs and NO is restricted
to the regulation of seed germination (Beligni et al., 2002)
and the inhibition of hypocotyl elongation during seedling
de-etiolation (Leon and Lozano-Juste, 2011). NO has been
described as acting upstream of GAs (Bethke et al., 2007),
regulating both biosynthesis and perception/transduction
of GAs (Leon and Lozano-Juste, 2011).
In CAB-6P the best rooting results were obtained in
the combined effect of 30 µM SNP + NAA for root number
and root fresh weight. According to a previous study in
CAB-6P, leaf callus explants treated with 50 µM SNP +
17.6 BA µM + 2.68 µM NAA exhibited the highest root
number, length, fresh weight, and rooting percentage
(Sarropoulou et al., 2014). Our findings in this study are
in agreement with those reported for marigold (Tagetes
erecta L.) (Liao et al., 2012), Linum usitatissimum L. (Kalra
and Babbar, 2010), Brassica napus (Jhanji et al., 2012),
and Chinese cabbage (Brassica rapa subsp. pekinensis
cv. Samrack-ulgari) plants (Sung and Hong, 2010). In
contrast, the rooting percentage of CAB-6P microcuttings
was diminished when SNP (10–50 µM) was applied alone
without NAA. However, in Gisela 6, SNP (10–50 µM)
and NAA applied simultaneously reduced the rooting
percentage. Our findings in this study for Gisela 6 are in
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line with those reported by HsuanHsuan et al. (2009) for
Phalaenopsis and Doritaenopsis orchids.
Root length of Gisela 6 microshoots was enhanced
in the combined effect of NAA+ 30 µM SNP, whereas
in CAB-6P root length was promoted only when NAA
was applied alone without SNP. According to Liu et al.
(2011a), 25 µM SNP increased primary root length in rice.
SNP may promote plant growth by decreasing cell-wall
lignification and accelerating cell expansion (Wang et al.,
2010). However, high SNP concentrations may enhance
membrane leakage due to oxidative stress and, thus,
inhibit plant growth (Wang et al., 2010). The decrease in
root fresh weight in Gisela 6 (SNP-induced) is ascribed
to the decrease in volume of pre-existing cells and/or the
expansion of the new cells produced by cell division. In
Gisela 6, the highest root number was obtained in the
combination of NAA + 40 µM SNP. In a previous study
conducted in Gisela 6, root production from leaf callus
occurred only when 40 µM SNP was combined with 17.6
BA and 2.68 NAA (Sarropoulou et al., 2014). Rooting of
Malus hupehensis Rehd. var. pinyiensis Jiang (Han et al.,
2009) plantlets was promoted by SNP. NO, with its direct
effect on cell wall components, could relax the cell wall
and improve membrane fluidity inducing cell enlargement
and, therefore, stimulating plant growth (Lamattina et al.,
2003).
NO and SNP function as signals in the auxininduced signaling cascade leading to adventitious root
development (Tewari et al., 2008). In this study, 30 µM
SNP + NAA in CAB-6P and 40 µM SNP + NAA in Gisela 6
gave higher root number and root fresh weight than NAA
alone without SNP. Our findings agree with those reported
in mung bean (Phaseolus radiatus L.) plants treated with
10 µM IBA and 300 µM SNP (Huang et al., 2007); this
combination resulted in higher root number than either
SNP or IBA alone. In contrast, in cucumber plants, 10 µM
IAA or 10 µM SNP significantly increased root number in
a similar way; however, the combination SNP + IAA did
not modify root number significantly in relation to IAA
alone (Pagnussat et al., 2003).
In both cherry rootstocks, callus induction occurred
only when SNP (0–50 µM) was applied with NAA and
not when it was applied alone or in combination with BA.
Similarly, no callus was formed in Malus hupehensis (Ηan
et al., 2009) explants when SNP was supplied. In Gisela
6, SNP + NAA combinations had an inhibitory effect
on callus fresh weight. The same trend was observed in
CAB-6P but only in the combined effect of NAA + 50 µM
SNP. According to Sarropoulou et al. (2014), in CAB-6P
and Gisela 6, SNP (10–50 µM) + 17.6 µM BA + 2.68 µM
NAA increased callus fresh weight. The callus induction
frequency of CAB-6P explants was 100% in all SNP +
NAA treatments. Gisela 6 explants treated with 30 µM
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SNP + NAA gave higher callus formation percentage
than NAA alone. CAB-6P recorded greater callus fresh
weights and callus induction frequencies than Gisela 6. In
a previous study conducted in CAB-6P, Gisela 6, and M ×
M 14 cherry rootstocks, the callus formation percentage
was 100% in all SNP (0–50 µM) + 17.6 µM BA + 2.68 µM
NAA treatments (Sarropoulou et al., 2014). According
to Χu et al. (2009), 87% callus induction frequency was
obtained when Dioscorea opposite Thunb tuber explants
were treated with 40 µM SNP. Thus, the effect of SNP on
callus formation is genotype-dependent.
Regarding chlorophyll content, SNP (10–50 µM) alone
exerted an inhibitory effect in CAB-6P, whereas in Gisela
6 it had a stimulatory effect (SNP: 30–50 µM). Similar
results were obtained in Brassica napus ‘GSL 1’ (Pahwa et
al., 2009) and barley (Zhang et al., 2006) leaves. Qian et
al. (2009) showed that low SNP concentrations (20 µM)
increased the leaf chlorophyll content in Chlorella vulgaris
plants, whereas high SNP levels (100 µM) inhibited their
chlorophyll content, showing that the increase or decrease
in chlorophyll content was associated with the enhanced or
inhibited expression of photosynthesis genes, respectively
(Qian et al., 2009).
In CAB-6P, BA + 20 µM SNP raised leaf chlorophyll
content compared to single BA or SNP. The same trend
was observed in Gisela 6 with BA + 10 or 20 µM SNP.
BA stimulated chlorophyll content of etiolated cucumber
cotyledons (Cag et al., 2003) and Dioscorea zingiberensis
plants (Yang et al., 2005). Cytokinins affect chloroplast
ultrastructure, chloroplast enzyme activities, pigment
accumulation, and photosynthesis rate (Yaronskaya
et al., 2006). In accordance with our results, Brassica
napus L. GSL-1 (Gagneja et al., 2011) seedlings treated
with SNP were accompanied by simultaneous enhanced
photosynthetic efficiency and chlorophyll content. In
Hydrilla verticillata (L.f.) Royle (Wang et al., 2010) plants,
25–100 µM SNP markedly increased total chlorophyll
content, 200 µM SNP did not alter it substantially, and
400 µM SNP significantly decreased it in relation to plants
not treated with SNP. It appears that the beneficial or
detrimental effect of SNP depends on concentration and
genotype sensitivity.
SNP (10 or 40 µM) + NAA in CAB-6P and SNP (10–50
µM) + NAA in Gisela 6 had a stimulatory effect on leaf
chlorophyll content compared to NAA alone. SNP protects
chlorophyll by maintaining iron availability and alleviating
leaf chlorophyll destruction under osmotic and oxidative
stress conditions (Liu et al., 2011b). In agreement with our
findings, SNP increased total chlorophyll level in Brassica
napus plants (Jhanji et al., 2012). NO donors like SNP are
reported to increase chlorophyll content in lettuce, potato,
Arabidopsis, and dark-grown wheat seedlings (Beligni and
Lamattina, 2000). In contrast, 500 µM SNP did not alter

total chlorophyll content in wheat (Triticum aestivum L.)
(Hasanuzzaman et al., 2012).
Carbohydrate content of CAB-6P leaves was reduced
at higher SNP concentrations (20–50 µM), and this
decrement was accompanied by a simultaneous decrease
in total leaf carbohydrate levels. In Gisela 6, SNP (10–50
µM) alone resulted in increased carbohydrate levels
in leaves but in reduced levels in roots. When SNP was
applied in cucumber (Cucumis sativus L. ‘ZND407’
and ‘ZND461’) seedlings, total soluble carbohydrate
content increased (Liu et al., 2011b); in Brassica napus L.
GSL-1 seedlings it decreased (Gagneja et al., 2011). The
changes in carbohydrate content due to SNP-induced
fluctuations in chlorophyll content may be attributed
to the transport of carbohydrates from leaves to roots
or vice versa. It may also be due to their metabolism to
other compounds or their consumption owing to aerobic
respiration. The translocation of carbohydrates (products
of photosynthesis) among plant tissues occurs when
metabolic processes, which are highly demanding of
energy, take place. According to Millar and Day (1996),
NO affects the mitochondrial functionality in plant cells
and reduces total cell respiration due to its inhibitory effect
on cytochrome function.
In our study of CAB-6P, the elevated leaf proline levels
20 µM SNP-induced (complete inhibition of rooting)
indicate osmotic stress. In Gisela 6, SNP led to an increase
in proline content in leaves; in CAB-6P roots it resulted
in depleted proline levels. SNP indirectly enhances the
activity of enzymes involved in the antioxidant system
by increasing proline content (Guo et al., 2009) and
accelerating proline synthesis in Ginkgo biloba leaves under
stress (Hao et al., 2007). According to Thorpe (1993), an
increase in endogenous proline might be the result of the
conversion of one amino acid to another, causing stress to
the explants. The decrease in endogenous proline in CAB6P roots indicates mechanisms of osmoregulation and
osmotic adjustment in response to SNP-induced stress.
In CAB-6P, depleted leaf proline levels were exhibited
in SNP (10 µM) + BA, while higher SNP concentrations
(20–50 µM) + BA led to elevated proline levels, indicating
adjustment to stressful conditions. Similarly, 0.2 mM SNP
decreased, while 2 mM SNP increased proline content
of wheat seedlings (Lei et al., 2007), indicating that NO,
a precursor of SNP, might be involved in the regulation
of osmotic stress in a concentration-dependent manner.
Proline accumulation under stressful conditions depends
on both activation of its biosynthesis and inhibition of its
degradation (Yoshiba et al., 1997). In Gisela 6, BA + 10 µM
SNP may act as an osmoregulator and/or osmoprotector
since it produced declined leaf proline levels, whereas high
SNP concentrations (50 µM) exhibited elevated levels,
indicating stressful conditions. In Dioscorea opposita Thunb.
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tuber explants, SNP (20–150 µM) increased proline content
(Χu et al., 2009). In CAB-6P roots, NAA + SNP (10, 20, 30,
50 µM) increased proline content. Proline accumulation
may reduce stress-induced cellular acidification or prime
oxidative respiration to provide energy for recoverypromoting cell proliferation and improve the antioxidative
activities of explants in in vitro cultures (Xu et al., 2009).
In Gisela 6, however, NAA + SNP hardly affected leaf
proline content compared to NAA alone. Similar results
were obtained in Chlamydomonas reinhardtii (Zhang et al.,
2008) and wheat (Tian and Lei, 2007).
To sum up, it is evident that SNP has a direct effect
on in vitro shoot proliferation and rooting of CAB6P and Gisela 6 cherry rootstocks, interacting with
cytokinins and auxins, respectively. Furthermore, it is
clear that SNP is involved in the photosynthetic apparatus
influencing leaf chlorophyll content. It also participates
in carbohydrate biosynthesis and metabolism as well

as proline accumulation in both leaves and roots. It is
apparent that SNP at low concentrations protects plants
from abiotic stresses, whereas at high ones it exerts an
inhibitory effect on plant growth and development. Thus,
SNP has a dual, concentration-dependent role in cherry
rootstock morphogenesis. However, the mechanisms by
which SNP improves micropropagation efficiency are still
not fully understood.
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